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This article focuses on the microstructure of medical-grade P558 (ASTM F2581) stainless steel
produced by mechanical alloying and liquid-phase sintering. Rietveld X-ray diﬀraction and
transmission electron microscopy reﬂect that the mechanically alloyed stainless steel powder is a
nanocrystal dispersed amorphous matrix composite. Mn-11.5 wt pct Si eutectic alloy as additive
improves densiﬁcation of the synthesized P558 alloy via liquid-phase sintering mechanism.
X-ray mapping shows that after sintering at 1323 K (1050 C) for 1 hour, a uniform distribu-
tion of dissolved Mn and Si is achieved. Moreover, the development of a nanostructured, fully
austenitic stainless steel after sintering at the same temperature is realized by X-ray diﬀraction
and transmission electron microscopy.
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I. INTRODUCTION
TO meet the best mechanical and corrosion behav-
iors of powder metallurgy parts, it is well established
that high densities are imperative. To do so, several
approaches like applying warm compaction, increasing
sintering temperature and time, and using proper
additives to activate liquid-phase sintering are consid-
ered. In the liquid-phase sintering process, the formation
of a liquid phase promotes densiﬁcation via providing a
particle rearrangement, faster diﬀusion rate, and pore
elimination,[1,2] opening up the further commercial
development of powder metallurgy parts. Concerning
powder metallurgy of stainless steels, because high solid-
state sintering temperatures generally more than 1573 K
(1300 C) are required to obtain a high density,[3,4] their
liquid-phase sintering process lowering sintering tem-
perature and time is a promising ﬁeld from scientiﬁc and
technological viewpoints. To activate liquid-phase sin-
tering of these alloys, various additives like Cu, Sn, Ni,
Pt, Ag, Si, Au, B, and P, as well as their compounds and
alloys, have been investigated.[1,2]
Austenitic stainless steels, typically AISI 316L, are
conventionally used inmedical applications; nevertheless,
the harmful eﬀects of nickel ions released from this type of
implants have provided a high level of motivation for the
further development of nickel-free alloys.[5] In the ASTM
standards, two nickel-free, medical-grade stainless steels
have been imported: ASTMF2229 (nominated as Biodur
108) andASTMF2581 (nominated as P558). In the recent
years, in vitro and in vivo studies have been conducted
on the latter having the nominal composition of
Fe–17Cr–10Mn–3Mo–0.4Si–0.5N–0.2C from the view-
pointsofbiocompatibility, osseointegration, andcorrosion
behaviors.[6–11]
It is well established that mechanical alloying (MA)
can develop a wide variety of equilibrium and nonequi-
librium structures including nanostructured and amor-
phous powders.[12] In this work, mechanically alloyed
P558 stainless steel powder is liquid-phase sintered with
a biocompatible sintering aid (Mn–11.5 wt pct Si) and
then the resultant microstructure is evaluated via X-ray
diﬀraction, scanning electron microscopy, X-ray map-
ping, and transmission electron microscopy.
II. EXPERIMENTAL WORK
P558 (ASTM F2581, Fe–17Cr–10Mn–3Mo–0.4Si–
0.5N–0.2C in wt pct) and Mn–11.5 wt pct Si alloy
powders were separately processed by MA of Fe, Cr,
Mn, Mo, Si, and C (Merck, Munchen, Germany) and
iron nitride (Alfa Aesar, Ward Hill, MA) powders.
Milling was performed in a planetary ball mill with a
ball-to-powder weight ratio of 20:1 at a rotation speed
of 500 rpm for 48 hours under an argon atmosphere.
Four bearing steel balls of 20 mm and 12 bearing steel
balls of 8 mm diameters with a composition of
Fe–1.5Cr–0.9C–0.8Si–0.5Mn were used in this work.
The microstructure of the stainless steel powder was
studied by X-ray diﬀraction (XRD; Shimadzu Lab
X-6000 with Cu Ka radiation) with a step size of 0.03
and a step time of 4 seconds. The XRD data were
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analyzed by the Materials Analysis Using Diﬀraction
(MAUD, Version 2.26) program[13] employing the
Rietveld reﬁnement to estimate the phase contents and
the crystallite sizes by the Double-Voigt approach. In
addition, the synthesized powder particles were dis-
persed in ethanol, dropped down to a copper grid, and
characterized by a transmission electron microscope
(TEM; FEI–Tecnai G2F30).
Themilled stainless steel powderwasmixedwith 6 wtpct
additive powder, milled in acetone for 1 hour, dried at
343 K (70 C), encapsulated in evacuated quartz tubes,
annealed at 1173 K (900 C) for 15 minutes, and ﬁnally
quenched in water. The obtained powders were pressed
using a single acting press at a pressure of 1 GPa without
any lubrication. The densiﬁcation process was followed by
sintering at 1273 K, 1323 K, 1373 K, 1423 K, and 1473 K
(1000 C, 1050 C, 1100 C, 1150 C, and 1200 C) for
1 hour in evacuatedquartz tubesand thenwater-quenched.
Sintered densities were determined by the Archimedes
water immersion method. The distribution of the additive
elements in the structure was analyzed via X-ray mapping
(XMAP) by a scanning electron microscope (SEM; FEI-
Quanta 200 FEG).Moreover, the resultant microstructure
after sintering was studied by XRD and TEM. For the
TEM sample preparation, a selected sintered specimen was
cut into a disc of 3 mm in diameter, ground to approxi-
mately 100 lm in thickness, and then electropolished.
III. RESULTS AND DISCUSSION
The XRD pattern and TEM micrograph of the
as-milled P558 powder are shown in Figure 1. Based
on the Rietveld XRD quantitative analysis (the proce-
dure has been detailed in Reference 14), this powder
consists of 10 pct ferrite (a), 48 pct austenite (c), and
42 pct amorphous phase, where the crystallite size of the
ferrite and austenite phases is 11.5 and 12 nm, respec-
tively, measured by the Double-Voigt approach. Note
that the relatively low signal-to-noise ratio in the XRD
pattern is a result of the presence of the amorphous
phase in the material. The selected area diﬀraction
pattern of the TEM micrograph in Figure 1(b) includes
some diﬀraction spots related to the crystalline phases
and a halo pattern related to the amorphous phase,
conﬁrming that the material has an amorphous/nano-
crystalline structure. It is noteworthy that in bright-ﬁeld
TEM images, those crystallites that are close to a zone-
axis orientation appear dark; in contrast, all crystallites
that are far oﬀ a zone-axis orientation appear bright like
the amorphous phase. Additionally, Figure 1(c) presents
the high-resolution TEM micrograph of the same
powder, in which a consideration to the atomic arrange-
ment depicts a crystalline region embedded in the
amorphous matrix, inferring the heterogeneous nucle-
ation of the amorphous phase from grain boundaries of
Fig. 1—XRD pattern (a), TEM micrograph (b), and high-resolution TEM micrograph (c) of the as-milled P558 powder.
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the crystalline phases as high-energy places that are
preferential for nucleation.[15,16] The signiﬁcant struc-
tural reﬁnement leading to nanocrystallization can be
explained by severe plastic deformation (as a result of
the actions of the milling media[12]) and the contribution
of the interstitially dissolved elements (C and N).
Nitrogen[14,17] and carbon[18] atoms are segregated at
dislocations and grain boundaries, ﬁxing the disloca-
tions and stabilizing the grain boundaries. Conse-
quently, the trickling down of mobile dislocations on
the ﬁxed dislocations contributes to the nucleation of
new boundaries and to a severe grain reﬁnement. A
similar contribution to structural reﬁnement has been
attributed to the interstitial dissolution of boron in
mechanically alloyed Co-based powders.[19] Moreover,
amorphization can be explained by severe plastic defor-
mation (accordingly extreme structural reﬁnement),
large atomic size mismatch, and negative enthalpy of
mixing among the constituent elements.[14,15,17,19]
Figure 2 indicates the sintered densities measured by
the Archimedes water immersion method. It can be seen
that by increasing the sintering temperature and adding
the sintering aid, higher densities are achieved. For the
samples containing the sintering aid, a sharp increase in
density occurs when the sintering temperature increases
from 1273 K to 1323 K (1000 C to 1050 C), followed
by a lower rate densiﬁcation with the further tempera-
ture increase. The additive (Mn–11.5 wt pct Si) is a
eutectic alloy with a eutectic temperature of 1313 K
(1040 C).[20] The formation of the eutectic liquid phase
at the temperatures higher than 1313 K (1040 C)
activates the liquid phase sintering process. Indeed, the
formed liquid at the additive particle sites wets the main
powder particles, penetrates the particle contacts and
pore zones via capillary forces, and provides a path of
high diﬀusivity. With increasing the sintering tempera-
ture beyond 1323 K (1050 C), the decrease in the
Fig. 2—Sintered densities measured by the Archimedes water immer-
sion method.
Fig. 3—SEM micrograph (a) and XMAP of Mn (b), Si (c), and Cr (d) for the additive-containing sample sintered at 1323 K (1050 C).
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formed liquid viscosity, the increase in wetting charac-
teristics, the increase in diﬀusivity, and possibly the
increase in the liquid phase amount are responsible for
densiﬁcation.[1,2]
Figure 3(a) presents the SEMmicrograph of the sample
containing 6 pct additive sintered at 1323 K (1050 C) for
1 hour. Small, relatively spherical, and isolated pores
observed, despite the practiced sintering temperature that
is low for solid-state sintering, implies activation of the
liquid-phase sintering mechanism.Manganese and Silicon
XMAP (Figures 3(b) and (c)) conﬁrms the complete
dissolution, no evidence of precipitation, and the uniform
distribution of the additive elements in the structure in a
scale comparable with the stainless steel particle size (SEM
observations of the P558 powder suggested that the
particles are almost 20lm in size). In addition, the uniform
distribution of Cr in the structure (Figure 3(d)), which is
critical for corrosion protection, infers the merit of
processing. The achievement of this uniform microstruc-
ture is explainedby liquationof theMn–Si eutectic additive
and thereby providing a path of high diﬀusivity. On the
other hand, considering the mean size of the main powder
particles, which is almost 20 lm, the mean diﬀusion length
is estimated to be 10 lm. Indeed, this short diﬀusion length
and the high-diﬀusivity liquid path justify the development
of this homogeneous structure by sintering at 1323 K
(1050 C) for 60 minutes.
TheXRDpattern andTEMmicrograph of the additive-
containing sample sintered at 1323K (1050 C) are pro-
vided in Figure 4. Analyzing the XRD pattern byMAUD
software reﬂects that the material is fully austenitic based
on Rietveld analyses considering all probable phases like
nitrides, carbides, and ferrites, demonstrating the compe-
tence of the austenitization thermal cycle applied. Albeit, it
should be considered that very low phase contents cannot
be detected by XRD. According to the TEM micrograph
depicted inFigure 4(b), the austenite grain size is almost 25
nm. Considering the atomic arrangement in the high-
resolutionTEMmicrograph (Figure 4(c)), the crystallinity
of each unit in Figure 4(b) (as a crystalline grain) is
conﬁrmed. It is also noticeable that the crystallite size
measuredbyXRD is 35nm, although it is expected that the
XRD crystallite size is smaller than the TEM grain size. It
may be because the TEM observation is local, but XRD
considers more crystallites. The development of these
nanostructures despite the sintering process reﬂects a
considerable thermal stability and an inherent resistance
to grain growth, which is in accordance with ﬁndings for
other multicomponent nanostructures.[21,22] Typically,
Cisneros et al.[21] reported austenite grain sizes smaller
than 70 nm for mechanically alloyed Fe–18Cr–11Mn–
(0.27–2.47)N stainless steel nanostructures after annealing
at 1173 K, 1273 K, 1373 K, and 1473 K (900 C, 1000 C,
1100 C, and 1200 C) for 2 hours. It is known that grain
growth is strongly controlled by grain boundary diﬀusion
and mobility. The factors aﬀecting grain boundary mobil-
ity in nanostructured materials include grain boundary
segregation, solute impurity, porosity, chemical ordering,
and second phases.[21] Indeed, in this study, solute drag
eﬀects combined with the typical contribution of carbon
and nitrogen are expected to retard grain growth. The
solubility of the interstitially dissolved atoms of nitrogen
and carbon in the crystalline phases is limited; thus, they
tend to segregate at grain boundaries to decrease strain
energy, thereby retarding grain boundary mobility.
Fig. 4—XRD pattern (a), TEM micrograph (b), and high-resolution
TEM micrograph (c) of the additive-containing sample sintered at
1323 K (1050 C).
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Furthermore, slow crystallization of the amorphous phase
developed during MA as a diﬀusional phase transforma-
tion demanding time can aﬀect the ﬁnal grain size.[23]
It is also noteworthy that the ﬁnal chemical compo-
sition of the additive-containing sample would be
Fe–16Cr–14.7Mn–2.8Mo–1Si–0.47N–0.19C. This com-
position variation as a result of the sintering aid
addition, i.e., the increase in the Mn and Si content
and the decrease in the other elements’ amount, could
aﬀect mechanical and electrochemical properties. On the
other hand, the positive eﬀect of the additive on the
increase of density and the decrease of pores should be
considered, which demands comprehensive studies on
their mechanical and corrosion properties.
IV. CONCLUSIONS
The microstructure of a medical-grade stainless steel
produced by mechanical alloying and subsequent liquid-
phase sintering processes was investigated. The follow-
ing results emerge from the present study:
 MA of the stainless steel powder for 48 hours pro-
cessed a nanocrystal dispersed amorphous matrix
composite.
 Mn-Si eutectic alloy as additive successfully acti-
vated the liquid-phase sintering mechanism in the
P558 alloy powder.
 Uniform distribution of Mn, Si, and Cr was realized
in the material sintered at 1323 K (1050 C).
 Sintering at 1323 K (1050 C) for 1 hour developed a
fully austenitic nanostructure with grains of 25 nm in
size.
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